Abstract-The stellarator fusion experiment Wendelstein 7-X (W7-X) is presently under assembly at the Greifswald branch of the Max Planck Institute for Plasma Physics (IPP), Germany. The W7-X superconducting magnet system basically consists of 50 non planar and 20 planar coils including the interconnecting bus bars, and the support structure. The seven electrical circuits with ten coils each in series, are supplied by 14 current leads (CL) operating between the cryogenic and ambient temperature environments. A special feature of these feed troughs is their upside-down orientation to save space in the vicinity of the machine. Basic electrical CL requirements are maximal steady state currents of 18.2 kA and voltage strengths of 13 kV to ground. A W7-X current lead consists of a copper conductor which also acts as a heat exchanger at the warm end side, in its continuation of a high temperature superconductor part, and at the cold end side of a copper bar with integrated Nb 3 Sn rods. All components are fully contained within a CL vacuum chamber which is separated from the main W7-X cryostat vacuum. The high voltage electrical insulation is built up of a glass tape epoxy resin system. Mechanical support of the current leads is achieved by a warm and cold glass fiber reinforced plastic flange. There are three He cooling circuits: one for the bus bar and contact cooling, one for the cold end of the CL (both at about 5 K), and one for the CL's heat exchanger (entrance temperature about 50 K). After intensive tests of two prototypes the series production has been established and completed. The current leads were tested at room temperature, and with electrical currents up to the maximum current at cryogenic temperatures.
INTRODUCTION
The superconducting magnet system in W7-X consists of seven independent electrical circuits. Each circuit is powered by its own power supply. The transition from the room temperature bus bar system to the superconducting coils and bus bar system, operated at 4 Kelvin, will be handled via current leads. Their aim is to provide a good electrical (low resistive) contact between the components inside and outside of the cryostat while keeping ohmic heat generation and conduction as small as possible. This conflict requires careful optimization taking into account the intended operation scenarios.
It was originally planned to operate W7-X about 80 experimental days per year, eight hours per day, with an average current of 14 kA. Within such a cold magnet operation period of about half a year, for totally 50 hours currents up to 18.2 kA should have been applied. In the rest of these six months (≈ 93 % of the time) the current leads would have been run without current, partly at somewhat elevated temperatures of around 10 K. The first current lead concepts were thus optimized for this operation scenario mostly in idle mode [1] . Its forced flow He cooled conductor was dimensioned for around half of the maximal 18.2 kA to achieve low idle current losses [2] .
In the course of the W7-X development doubts arose whether the extremely loaded friction elements within the mechanical magnet system structure could stand all the load cycles envisaged for the machine lifetime. For that reason it was decided to design all systems to be suited for weekly magnet operation cycles which consequently also changed the optimization base of the current leads. It became now important to reduce also the load losses in order to save refrigerator reserves for high load cases which are provided in form of liquid helium which is produced during idle or low load operation and can be used to boost the refrigerator power in case of need. Therefore it was decided to go for the much more expensive high temperature superconductor (HTS) current leads to be produced at the Karlsruhe Institute of Technology (KIT), Germany. An additional argument for this decision was the experience and available technology particularly for the HTS insert but also for the other CL components which could be adapted to the W7-X needs. Another core component is the He-cooled conductor between the room temperature level and the warm end of the HTS insert which was derived from the CERN LHC current lead conductor.
II. SPECIAL REQUIREMENTS IN W7-X
A particular requirement for the W7-X current leads is their upside-down-orientation which means that the warm end of the CL is at the bottom end the cold end at the top. To our knowledge, in all other facilities employing medium sized or large superconducting magnet systems like accelerators or fusion experiments current leads are used mainly with their cold ends at the bottom and in some cases in horizontal arrangement. The conventional orientation with the cold end at the bottom allows natural convection cooling with Helium which is essential for all vapor cooled leads. Other systems use forced flow helium which is necessary for horizontal leads anyway but offers also more flexibility to adjust for different load cases.
However, current leads arranged in this conventional orientation have important disadvantages as well. They have to be installed on top of the cryostat or in a separate, mostly called "satellite" cryostat not too far from the machine. In case of W7-X the first solution would have required long power cables or bus bars to the power supplies located in the basement. The other solution to install a satellite cryostat for the current leads would have generated even higher costs for the additional cryostat itself and the superconducting transfer line at 4 Kelvin between main and satellite cryostat. In conclusion it was rated to be favorable to install the current leads directly into the bottom side of the main cryostat and take the small development risk for upside-down orientation.
Other requirements for the current leads are based on the operation scenarios of the machine, i.e. for stable and lowloss operation at different currents up to the maximum design current of 18.2 kA steady-state. During normal operation, only slow ramp rates are required with a maximum of 30 A/s. In case of a fast discharge of the magnet system, e.g. due to a quench in a superconducting component, the current will drop down from maximally 18.2 kA to zero within 12 seconds. This ramp rate has consequently to be considered in the design of the leads.
All components of the CL are fully contained within a vacuum chamber which is separated from the main W7-X cryostat vacuum. The maximum leak rate should be lower than 1E-6 mbar*l/s All metallic components of the CL are at the same (high) potential which means that the outer surface needs to be completely covered with electrical insulation. Also the helium supply and discharge pipes have to be electrically separated from the rest of the grounded helium distribution system. During a fast coil discharge voltages of up to 6 kV are expected in the worst case. Therefore, the current lead's insulation has to withstand test voltages of 13 kV to ground.
Another requirement is that the current leads should be replaceable which requires detachable connections at all interfaces. The most critical one is the electrical contact to the cold bus bar system inside the cryostat where only screwed connections were considered. Also the cold end insulation and the vacuum cylinder had thus to be designed such that it could be opened and closed with reasonable effort.
III. DESIGN OF THE W7-X CURRENT LEADS

A. Overview
The original concept of the "overloaded" current lead for W7-X contained already some major ideas and components which were the base for the specification of the final CL. It contained already the principles of the cold contact which was derived from the joint between the CL and the previously tested W7-X coil prototype ("Demo coil"), the cooling principle of the contact, the warm contact, the vacuum chamber, the support system, the basic instrumentation, and the electrical insulation which is quite involved at the cold end.
The specification was finalized together with KIT which also got the contract for the final design, fabrication, and test of the W7-X current leads. Fig. 1 shows a current lead where the outer stainless steel tube was already insulated and the two G10 flanges glued on it. At both ends the connections to the room temperature power cables on the left and the superconducting bus bar on the right are shown. At the cold end an extra contact cooling has been applied to absorb a part of the heat load. A current lead is 2500 mm long, has a diameter of 310 mm and a weight of about 180 kg.
In the following chapters the main components will be presented.
B. HTS insert and heat exchanger
HTS materials are very suitable to overcome the conflict between the requirements for low values of electrical resistance and heat conduction which is hard to deal with using conventional materials like metals or alloys. They are based on ceramics whose thermal as well as electrical conductivity is normally bad. But in the superconducting state its electrical conductivity rises up drastically while its thermal conductivity remains low.
The basic design developed for the ITER HTS current lead demonstrator was used as a base for the W7-X leads. They consist of a copper heat exchanger at the warm end side, a high temperature superconductor part and a copper bar with integrated Nb 3 Sn rods near the cold end side. The HTS material are Bi-2223/AgAu tapes with critical currents >110 A (at 77 K and in self field) and sufficient mechanical strength. Soldered stacks from such material can be made by industry. As a result of the optimization, 60 stacks made of 6 tapes and grouped in 12 quintuplets are used [3] - [5] . Fig. 2 shows pictures of the HTS-element and the copper heat exchanger. The heat exchanger is made of one piece of copper, precisely machined at the KIT work shop. A more detailed description can be found in [4] 
C. Cold contact
The cold contact consists of a semicircular copper bar with integrated Nb 3 Sn rods (Fig. 3) . The contact surface of 75 x 300 mm is polished and gold plated. 
D. Cooling circuits
There are three different cooling circuits in the CL (Fig. 3) . The first one is a 50 K Helium circuit which enters the heat exchanger at its cold side (at the connection to the HTS) and leaves it at room temperature at the warm end contact of the CL (Fig. 4) . The second cooling circuit delivers helium at about 5 K from the bus bar into the attached cold contact side (Fig. 3, item 8) . The third circuit supplies helium at about 5 K to the other side of the cold contact at the cold end of the CL (Fig. 3, item 1 and 2 ). All Helium inlets are located at the CL cold end plate (Fig. 3,  item 4) ; the electrical separation is made by voltage breaks in each cooling line (Fig. 3, item 3) . The two He return lines are located also at the cold end plate.
E. Electrical insulation
The electrical insulation is in accordance with the general insulation concept of W7-X. Therefore it has to withstand voltages of up to 13 kV also under partial vacuum (Paschen) conditions and follows the same principle as other components in the W7-X cryostat. That means it consists of several layers of epoxy resin impregnated glass tapes or mats. Flat areas like the cold end plate were built up on underlying GRP plates. Critical regions like corners or gaps between GRP plates at the cold end plate were reinforced by Kapton tape. The minimum thickness of the final insulation is 4 mm for all insulations.
F. Sensors
The superconducting parts of the current leads are equipped with quench detection sensors. Voltage taps measure the voltage drop across the HTS module and the transition between CL and superconducting bus bar. Temperature measurements serve as input for the He mass flow and temperature control. These sensors are located at the warm and cold end sides of the HTS module, at the heat exchanger, and at the warm end of the CL. Fig. 4 shows the warm end side of a CL, equipped with sensor plugs, the helium return line plug and heater plugs. 
G. Support flanges of the CL's
The mechanical support of the current leads is achieved by two flanges, made of glass fiber reinforced composite. These flanges secure the mechanical fixation of the CL's to the magnet structure and outer vessel, respectively, and at the same time the electrical separation from these systems. The drawback of using a GRP flange is its limited mechanical strength (as compared to stainless steel), and therefore an intensive qualification program was launched. Both flanges have to operate under different conditions: the cold upper "radial" flange is connected to the magnet system operated at about 4 Kelvin. The lower "cryostat" flange is at room temperature and has also to secure the vacuum barrier of the cryostat against air. Leak tightness of the sealing as well as of the connection between CL insulation and flange were important issues of the qualification program.
In summary there are forces and moments in all directions (x, y, and z) of up to 9000 N and 775 Nm according to extensive FE calculations. Prototype flanges, bonded on representative lengths of corresponding CL outer surface prototypes, were successfully tested at room temperature and 77 K to check the mechanical stability at up to 150 % of the expected operation loads [7] .
IV. TESTS OF THE CURRENT LEADS General remarks:
After the completion, the two prototypes were tested in two test campaigns. All the series leads were also tested, but in a less extensive way. Main difference was that the prototypes were energized twice with a warming up and cooling down cycle in between. The aim was to demonstrate that such a cycle does not change the behavior of the CLs. In general a test campaign at KIT was divided into three mayor steps: Tests at room temperature, Tests at cryogenic temperature in the TOSKA test facility, and Final check after warming up.
A. Tests at room temperature
The tests were done at first with the cryostat still open and without connection of the CL's to the power supply or the data acquisition systems. The Helium lines were connected and filled with Helium at 6 bar minimum. In this condition a high voltage test of 13 kV DC was performed. After that the sensor cables were installed and checked step by step by applying a current of 20 A to the CL's and evaluating the signals. Data transfer and proper storage was checked too. Next important step was a leak test of the individual Helium and Nitrogen lines within the CL's as well as within the whole test arrangement. An overall leak test was performed after closing the cryostat to confirm a leak rate ≤1E-5 mbar*l/s which was set as the acceptance level for start of the cool down process.
B. Tests at cryogenic temperature
The test configuration was cooled down by the computercontrolled cryogenic system with an average rate of 10 K per hour. For bus bar and the mechanical structures of the test assemblies the maximal temperature difference between inlet and individual sensors as well as on the outlets should not exceed 40 K. The maximal temperature difference between inlet and individual temperature sensors of the HTS module should not exceed 65 K. The temperature differences between individual components were maintained by adjusting their respective mass flow rates.
The current was increased with a ramp rate of 100 A/s to the nominal current of 14 kA and later to the maximal current of 18.2 kA. At both current levels the necessary helium mass flow for stable operation has been measured and compared with the expectations. It has been also checked that the CL's run stable over six hours.
An important failure in cryogenic applications is the socalled loss-of-flow-accident (LOFA). Such tests were performed by stopping the helium mass flow at a current of 18.2 kA and measuring the time until the quench. The results define the criticality of the operation and the available time scale for counter measures in case of instabilities.
C. Final ckeck-out after warming-up
After warming-up of the test arrangement HV tests as well as helium leak tests were performed.
D. Findings during the tests
All current leads could be operated stably at different currents. Also a test during the prototype test campaign with 20 kA, which is above the specified maximal current of 18.2 kA, was successful. The quality of the heat exchanger, the critical component concerning the upside-down operation, meets the expectations well and shows a high level of uniformity between the 16 CL's. The necessary mass flow rates are in general 20% lower than specified. The LOFA tests demonstrated that the HTS module will not quench for about 1000 seconds after a stop of helium mass flow without problems. This gives a high safety margin for operation in W7-X. A detailed analysis of the test results can be found in [8] . An overview of the test results is given in Table I . The current leads are being installed at an extension of the cryostat at the bottom side. The link to the main support structure of the magnets is achieved by a system of rods and rectangular profiles, as shown in Fig. 5 . The supports have to fulfill multiple requirements. Apart from carrying the dead weight, the structure has to allow also movements due to the magnet cool down and its deformations due to electromagnetic forces. These requirements implicate a relatively sophisticated support system. The CL installation sequence and some special tooling were developed in close co-operation between IPP and ORNL, Oakridge, USA [9] . The assembly starts from the top with the upper part of the fixing box (parts in orange color in Fig. 5 ). Then the CL's are lifted from the bottom close to their final position. This is achieved multiple steps by a special ramp: mount temporary upper fixing box supports, mount and adjust upper fixing box, form and clamp conductors and He lines to upper fixing box, mount CL joints, mount and align lower fixing box, raise current leads and hold in position with ramp, adjust and fix cold end plate by welding, adjust and make all final CL bus connections, adjust and weld all Helium lines, connect the quench detection wires at the cold end, slide cold end vacuum cylinder up, weld it, make leak tests and make the electrical insulation followed by a local Paschen test, install permanent stainless steel counterparts to the CL flanges, adjust and weld outer vessel port extensions with thermal insulation step by step to Outer Vessel (Fig. 6 ), adjust lower support (Fig. 5) to transfer CL weight, Connect the warm end connector plug and room temperature bus bar cables (Fig. 6) , and finally connect the sensor cables to the plugs at the warm end side.
One important item is the electrical connection of the CL's to the superconducting bus bar system. The components at the interface are the following (Fig. 7) : at the CL side the interface is a flat surface of the cold contact, made of high conductive copper, and coated with a thin layer of a few microns of gold. The counterpart at the bus bar side is also a gold plated copper plate which has at its back side grooves where the superconducting strand bundles are soldered. This assembly is integrated in a helium tight stainless steel box, called joint box. The function of the joint box is to give the necessary stability for the clamps which press the two gold plated surfaces, with an indium foil in between, together with a pressure of 10 MPa.
Assembly sequence of the outer vessel (OV) parts.
During the tests in TOSKA two CL's were connected by a piece of conductor joint boxes at both ends forming an electrical circuit. During several test campaigns of the acceptance tests unexpected high electrical resistances of up to 200 nOhm across the contact were observed. As the joint boxes and clamping device as well as the procedure were planned to be applied in W7-X also, this phenomenon was investigated with special attention. Several attempts were made to lower the resistance. The contact pressure was increased, the flatness of the joint box surface was improved, the thickness of the indium foil was increased, the design of the joint box was improved for better pressure transfer from the clamp to the contact surface, the soldering of the strands into the copper plate was modified, and the solder material was checked for imperfections and degradation of properties. All these actions gave no clear indication of the source and location of the problem. Calculations and thermo-mechanical simulations which were performed in parallel gave hints but no clear explanation. However, it could be shown that the CL was not the origin of the problem. In order to develop a stable solution for the joint box and CL connection for W7-X, special mock-ups were produced and test programs at CRPP (Switzerland) and SINTEZ (Russia) were initiated. After a series of investigations the following decision was taken: All the improvements of the joint box and the soldering procedure are used. As major change the indium foil is replaced by indium wires of 1.0 mm thickness. All tests at 4 K, performed at CRPP and SINTEZ, clearly demonstrated the proper behavior of the contact with a resistance of less than one nΩ. Wires are squeezed more than a foil between the surfaces and give a very intimidate contact. As a drawback of this solution one has to accept that the two surfaces can only be separated with higher effort than the surfaces with indium foil in between. But this is acceptable for a connection which needs to be opened and closed again only in case of a failure. One can conclude that the usage of indium wires is advantageous for connections which need not be reopened again. VI. SUMMARY AND OUTLOOK Fourteen current leads are necessary for the W7-X superconducting magnet system. All current leads and two prototypes which will act as spares have been produced and successfully tested between 2006 and 2013. The installation into W7-X has been started in 2012 and will be finished in spring 2014. Fig. 8 shows a current lead pair during the installation in W7-X.
